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The CNS of mammals is a highly complex structure made up of a huge number of neurons (1011), an even higher number of glial cells (1012) and an amount of synapses estimated to be around 109/mm3 (1015 in humans; Chklovskii et al., 2004). Nevertheless, what really makes complex the nervous system complex, beyond the number of its constitutive elements, is the extremely heterogeneous nature of their anatomical and functional relationships, which ultimately enableing the performance of integrated neuronal functions. In comparison with other tissues of the body, the central nervous system (CNS) has always been known for its incapability to undergo spontaneous repair and for its hostility to integration of exogenously delivered cells. In fact, at the end of the 19th century the Italian histologist Giulio Bizzozero classified the nervous system in the group of ‘perennial’ tissues, in contrast with ‘labile’ and ‘stable’ tissues which are capable of cell renewal and cell replacement throughout life as well as after injury or disease (quoted in Colucci-D’Amato et al., 2006). 
For these reasons, we lack efficaceousefficacious therapies for most neurological disorders that are characterized by loss of neuronal and glial cells. In addition to traumatic and vascular (e.g. stroke) lesions, the CNS is threathenedthreatened by many neurodegenerative diseases (e.g. Alzheimer, Parkinson, and Huntington disease; amyotrophic lateral sclerosis) and demyelinating diseases (e.g. multiple sclerosis) that ultimately hamper important cognitive and/or motor functions and represent very high costs in terms of human health and social care. 
Since many years, biomedical research has been stimulated by the extraordinary flexibility and differentiative plasticity of stem cells, especially in the perspective of exploiting the acquired knowlege for novel therapeutical approaches. Studies carried out in the last few years showed that many adult organs are endowed with stem cell compartments (Robey, 2000), also involving ‘perennial’ tissues incapable of cell renewal and so unfit to self-repair, such as muscle (Asakura et al., 2002; Chargé et al., 2004; Peng and Huard, 2004; Zammit et al., 2006; Dellavalle et al., 2007) and nervous tissue (Reynolds and Weiss, 1992; Gage, 2000; Gross, 2000; Alvarez-Buylla et al., 2001). The discovery of stem cells within the adult mammalian brain during the last decade opened extraordinary research opportunities in the field of neuroscience, thus leading into new perspectives and/or strategies for the healing of neurodegenerative diseases (Arvidsson et al., 2002; Lie et al., 2004; Emsley et al., 2005; Steiner et al., 2006; Dietrich & Kempermann, 2006). 




CNS DEVELOPMENT, NEUROGENIC SITES, AND NEUROGENIC NICHES


Embryonic and adult neurogenesis

The complex structure and cellular heterogeneity of the mammalian CNS is built up from cell divisions occurring in peri-ventricular germinative layers that harbour stem cells (Bayer and Altman, 2004). These neural stem cells (NSCs) provide the source for most neuronal and glial cell precursors. Their progeny populate the CNS parenchyma from the neuraxis toward the pial surface by a combination of radial and tangential migration, following a precise spatial and temporal pattern which allows undifferentiated cell precursors to differentiate in their final destination and to establish appropriate connections (Rakic, 1990; Marin and Rubenstein, 2003).
The primitive germinal layers consist of a ventricular zone (VZ) containing direct descendants of the primitive neuroectoderm (neuroepithelium), and a subventricular zone (SVZ), which later emerges from the VZ. The SVZ contains rapidly proliferating cells and expands at early postnatal development, eventually giving rise to subsets of neurons and glial cells (for a review see Levison, 2006). Another early generated cell type is radial glia. Radial glial cells have their soma within the VZ, close to the ventricular surface, and a long, radial process spanning the thickness of the assemblying CNS, reaching the pial surface with enlarged endfeet. In mammals endowed with a thick cerebral cortex (primates), they maintain the topographical relationships of neuronal precursors ascending from the SVZ in spite of unequal growth of the building cortex (Rakic, 1990,2003), thus playing a critical role in providing positional cues for neuronal differentiation. They are considered as a transient cell population destined to disappear by progressive transformation into astrocytes in the adult (Pixley and De Vellis, 1984; Voigt, 1989). In addition to this ‘structural’ function, it has been shown that embryonic radial glia can act as stem cells, being capable of asymmetric divisions leading to the genesis of both astrocytes and neurons (Malatesta et al., 2000; Hartfuss et al., 2001; Noctor et al., 2001; see below). 
After birth, through a brief postnatal period whose length depends both on species and brain complexity/size (Kornack, 2000), the CNS parenchyma undergoes stabilization, thus making plasticity (neurogenesis ??) an exception to the rule. Yet, the dogmatic belief that post-mitotic synaptic changes were the only examples of adult structural plasticity in the CNS, was challenged by research firstly carried out in the sixties in a scepticskeptic milieu, then re-evaluated at the beginning of the nineties​[1]​ with the definitive demonstration that cell proliferation, differentiation and integration can occur even in the postnatal and adult CNS (Lois and Alvarez-Buylla, 1994; Luskin, 1993; reviewed in Gross, 2000). In addition to species-specific variations, the temporal windows of onset and downregulation of neurogenic processes can be heterogeneous throughout the neuraxis. For instance, most neocortical neurons are generated during mid-gestation whereas some neuronal cell populations continue to be added after birth in the cerebellum, hippocampus and olfactory bulb (reviewed in Rakic et al., 2004). As a consequence, besides the exhaustion of germinative layers occurring in most CNS regions at early postnatal stages, in some locations they persist for longer time, giving rise to a protracted genesis of neurons (e.g. in the cerebellum) that in some cases shifts into a persistent neurogenic activity (e.g. in the hippocampus and olfactory bulb) (Bonfanti, 2008). It is now well accepted that a consistent, endogenous proliferative activity does exist at least within restricted brain sites, referred to as neurogenic sites (reviewed in Peretto et al., 1999; Gage, 2000; Alvarez-Buylla and Garcìa-Verdugo, 2002; Bonfanti and Ponti, 2007).
In rodents, neurons are continuously produced within two brain neurogenic sites: the forebrain subventricular zone (SVZ) and the hippocampal subgranular zone (SGZ; reviewed in Alvarez-Buylla and Garcìa-Verdugo, 2002; Kempermann et al., 2004; Bonfanti and Ponti, 2007). In addition to unique opportunities to investigate neural cell birth, migration, and differentiation, these regions contain the NSC ‘niches’, namely the place where microenvironmental cues and cell-cell interactions act to regulate stem cell quiescence, proliferation, and early specification (Doetsch, 2003; Alvarez-Buylla and Lim, 2004; Nystul and Spradling, 2006; Conover and Notti, 2007; see below). 















Beside the SVZ and SGZ, a large number of proliferating cells are found between the hippocampus and the corpus callosum in the adult rodent brain, in a region called the subcallosal zone (SCZ; Seri et al., 2006). This region corresponds to an extension of the posterior horn of the lateral ventricle – an area where the ventricular walls collapse during development- and could be considered a caudal and dorsomedial extension of the SVZ. Unlike the SVZ, it is not associated to an overt open ventricular cavity but to isolated cavities filled with cerebrospinal fluid that might be connected to the main compartment of the lateral ventricle. The SCZ retains cells that have properties of stem cells in vitro, but in vivo function as a local source of oligodendrocytes (Seri et al., 2006).


Common elements in the NSC niche





DISCOVERY AND IDENTIFICATION OF NEURAL STEM CELLS: A BRIEF OVERVIEW


Retrospective isolation of NSCs

The fact that stem cells are functional states rather than physical entities (Blau et al., 2001), along with the lack of reliable markers for resident NSCs does hamper their visualization and identification in vivo, forcing the biologists to isolate them in vitro, in a retrospective manner. In the nervous system, multipotency consists of the capacity to form the three main cell types: neurons, astrocytes, and oligodendrocytes. About fifteen years ago, stem cells were firstly isolated from the adult CNS (Reynolds and Weiss, 1992), and since that seminal paper cultured NSCs have been deeply studied in parallel with adult neurogenesis in vivo. 
Both the SVZ and SGZ of adult rodents harbour a population of multipotent neural progenitor cells that can be isolated and expanded in culture under the effect of trophic factors such as the epidermal growth factor (EGF), the fibroblast growth factor 2 (FGF2) or a combination of them, ultimately giving rise to neurons, astrocytes and oligodendrocytes (Gage, 2000; Galli et al., 2003). Protocols based on the use of growth factors for isolation and expansion of NSCs derived from the embryonic and adult CNS have been developed, allowing extensive growth and propagation of NCSs in floating cell clusters termed “neurospheres” (Reynolds and Weiss, 1992; Vescovi et al., 1993; Gritti et al., 2000,2002). This mixed cellular milieu offers a microenvironment allowing the renewal of bona fide stem cells and immature progenitors, which represent a small proportion (5-10%) of the whole cell population (Singec et al., 2006). Thus, a central goal in the field has been the improvement of the NeuroSphere Assay (NSA; Reynolds and Rietze, 2005) and the development of alternative approaches to select and clonally expand the bona fide stem cell population in vitro. Similarly to other renewing tissues, the neurogenic regions of the CNS comprise a hierarchy of different type of cells, i.e. bona fide stem cells, transit amplifying progenitors and mature differentiated cells. 
The NSA represents a selective serum-free in vitro assay, which has been successfully applied not only to neural tissues of different origin (rodent or human, fetal or adult, normal or pathological), but also to non-neural tissues as the mammary epithelium and the cardiac muscle (Messina et al., 2004, Wooward et al., 2005). By taking advantage of the functional features of the different cell populations retrieved within the stem cell compartment, the NSA is selectively enriched for the stem cell component. In fact, stem cells in culture are characterized by the capacity to proliferate and self-renew extensively, thus giving rise to long-term expanding stem cell lines. Conversely, transit amplifying progenitors, although displaying limited proliferative capacity, do not self-renew and are lost throughout extensive sub-culturing (Potten and Loeffler, 1990).
Lately, these cultured NSCs have been suggested to derive from the type C cells of the SVZ (Doetsch et al., 2002). Since in vivo type C cells represent transit-amplifying progenitors rather than bona fide stem cells, the concept has been put forth for the possibilityproposed that tissue culturing and/or mitogens can re-awake a latent stem cell program in what can be considered “potential stem cells” (Potten and Loeffler, 1990). Upon removal of the mitogens, the progeny of NSCs promptly differentiate into the three main cell types of the CNS (astrocytes, oligodendrocytes and neurons; Doetsch et al., 1999a; Weiss et al., 1996; Kilpatrick and Bartlett, 1993; Vescovi et al., 1993; Morshead et al., 1994), a result that could also be obtained with proliferating cells isolated from the adult hippocampal cells formation (Gage et al., 1995).
The most important concept regarding this method is that it represents a selective system by which, in a heterogeneous primary culture, the more committed progenitors and/or differentiated mature cells rapidly die and thus are eliminated, whereas the undifferentiated NSCs are positively selected and forced to access a state of active proliferation (Gritti et al., 2000; Reynolds and Rietze, 2005). Of note, not all the cells within a neurosphere are true stem cells. Only a fraction of this progeny retain stem cell features, while the remainder of the cells undergoes spontaneous differentiation. Indeed, a neurosphere represents a highly heterogeneous entity made up by stem cells, differentiating progenitors, and even terminally differentiated neurons and glia, and, accordingly, can be envisioned as the in vitro counterpart of the in vivo neurogenic compartment. 
Importantly, neurospheres can be sub-cultured by mechanical dissociation and by re-plating under the same in vitro conditions. As in the primary culture, at every sub-culturing passage, differentiating/differentiated cells rapidly die while the NSCs proliferate, giving rise to secondary spheres that can then be further sub-cultured. This procedure can be sequentially repeated several times and, since each stem cell gives rise to many stem cells by the time a sphere is formed, it results in the progressive enrichment and stable expansion of NSCs in culture. Thus, in order to avoid any ambiguity in applying the definition of NSC to a candidate cell, particular caution is necessary in performing and interpreting this assay. The definition of a neural cell as a stem cell (or of a population of cells as containing a stem cell) should be applied only to a founder cell (or population of cells) that self-renew extensively and can be propagated in long-term cultures. In this view, the generation of clonal neurospheres by the NSA needs to be monitored, by both clonogenic and population analysis, to document stem cell activity and to identify bona fide stem cells (Gritti and Conti, 2008).  
Historically, hemopoietic stem cells have been the first to provide a useful prototypic functional model in order to devise conceptual and practical strategies to tackle investigations on other stem cell types (Morrison et al., 1997). When comparing hemopoietic stem cells and NSCs with regard to their functions, the two systems appear to sit at opposite sides of the functional spectrum. Although enormous amounts of new blood cells are generated every day from stem cells of the hemopoietic tissue, one of the most significant hurdles in the field of hemopoietic stem cells is their resilience to undergo extensive proliferation in culture. On the other hand, in spite of the relative overall quiescence and structural/cytoarchitectural “rigidity” of the brain parenchyma, the study of NSCs received much of its initial impulse from in vitro findings that first demonstrated and exploited the amazing proliferation capacity that NSCs display in culture. Furthermore, a mirror-like situation regards the reliable antigenic fingerprint based on the expression of multiple, lineage-specific markers available to distinguish various hemopoietic precursors, in contrast with the paucity of specific markers for NSCs (Galli et al., 2003).
Multipotent NSCs have also been isolated from fetal (Uchida et al., 2000), adult (Sanai et al., 2004) and post-mortem (Palmer et al., 2001) human nervous tissues, what and this enhances the interest in the studies study related toof mammalian neurogenesis. In addition, it has been possible to establish continuous mouse transgenic/genetically-modified (Galli et al., 2002) or human NSC lines (Carpenter et al., 1999; Vescovi et al., 1999) that expand merely by growth factor stimulation and under completely chemically defined conditions. In particular, human NSC lines represent a renewable source of normal nervous cells that might facilitate basic studies on human neurogenesis, drug discovery and, remarkably, may virtually eliminate the need of foetal human tissue for therapeutic neural transplantation.
Based on the assumption that specialized niches are essential to avoid prevent stem cells to from differentiate differentiating (Alvarez-Buylla and Lim, 2004; Doetsch 2003; Spradling 2001; Nystul and Spradling, 2006), ex vivo homogenous propagation of tissue-restricted stem cells has indeed represented a major challenge for biologists. With regard to NSCs, their expansion as neurospheres finds support from the hypothesis that their heterogeneous composition would recapitulate a niche-like microenvironment (Alvarez-Buylla and Lim, 2004; Garcion 2004; Campos 2004). This idea has has been recently challenged by a novel and powerful strategy for lineage restricted tissue-specific stem cell lines derivation from mouse embryonic stem (ES) cells and their stable long-term stable propagation (Conti, 2005). Transiently generated ES-derived neural precursor, usually fated to rapidly differentiate to neurons and glia, can be competently expanded as adherent clonal stem cell lines via exposure to EGF and FGF-2 (Conti 2005). Immunocytochemical analysis of these cultures reveal that almost all of the cells express markers of neural stem and progenitor cells (i.e. nestin and sox2), but lack the expression of markers of glial (GFAP and S-100) and of neuronal (3-tubulin and Map2) lineages. Notably, in these growth conditions, cells symmetrically divide symmetrically with no accompanying differentiation. Shifting the cultures to neuronal differentiation conditions reveals that these cells can efficiently generate mature neurons, astrocytes and oligodendrocytes, thus indicating their neural stem flavour (Conti 2005; Glaser 2007). These properties, together with single cell clonal analysis, are suggestive for of the generation of self-renewing NSC cultures, named Neural Stem (NS) cells (Conti, 2005), whose expansion can occur in the absence of a complex cellular niche. Accordingly, NS cell expansion in monolayer conditions seems to restrain spontaneous differentiation and permit proliferation of homogeneous NSCs.
Antigenic characterization of NS cells revealed a stringent similarity to forebrain radial glia, a population recently demonstrated to behave as a fetal source of both neurons and glia during CNS development (Gotz et al., 2002; Hartfuss et al., 2001;  Fishell and Kriegstein, 2003; Malatesta et al., 2001; Pinto and Gotz, 2007). Indeed, analysis of NS cells revealed that these cells are homogenously immunopositive for nestin, SSEA1/ Lex1, Pax6, prominin, RC2, vimentin, 3CB2, Glast, and BLBP, a set of markers diagnostic for neurogenic radial glia (Pollard and Conti, 2007). These results further indicate that the acquisition of radial glial properties endows the cells with a “niche” that traps them in a state of symmetric cell division. It is therefore possible that NS cells represent the resident stem cell population within neurospheres. 
In conclusion, whereas while in the natural setting of the nervous tissue stem cell division is securely regulated by the cellular microenvironment of the niche, stem cell propagation in vitro may not be attributable solely to intrinsically programmed mechanisms within progenitor cells, but also to changes of the transcriptional state induced by the artificial environment (Smith, 2001). Thus, we ought to remember that: i) challenging a cell in vitro only unveils its developmental potential and not its actual in vivo fate, and ii) the extent by which a cell can self-renew in vitro may depend on the culture conditions adopted and/or on distinct regions from which it is isolated (Gritti and Conti, 2008). Thus, keeping in mind the different possibilities described in this paragraph, the artificial nature of cell culture should be clear the artificial nature of cell culture, thus underlining the requirement for prudencecarefulness in extrapolation extrapolating of in vitro results to normal development or physiology without corresponding in vivo data. In other words, researchers should be extremely cautious of about the possible differences between the in vivo and in vitro systems, particularly on the possibility that unusual biological and molecular properties induced by the culture environment may can be altered and lead to acquire the acquisition of stem cell features in vitro. 


In vivo identification of NSCs (neurons from astrocytes)

A consistent number of reports support the hypothesis that adult SVZ NSCs belong to the astrocytic lineage (Doetsch et al., 1999b; Laywell et al., 2000; Skogh et al., 2001; Imura et al., 2003; Garcia et al., 2004; Namba et al., 2005; reviewed in Alvarez-Buylla et al., 2001). Experiments carried out in vitro and in vivo demonstrated that i) astrocytes and transit amplifying cells (type B and C cells) can produce neurospheres that contain multipotent progenitor cells (Doetsch et al., 2002); ii) labeled neurons migrating to and integrated in the olfactory bulb were detected after targeting SVZ astrocytes in transgenic GFAP-TVA mice which express the receptor of the avian leukosis virus under the control of the GFAP promoter (Doetsch et al., 1999b); iii) quiescent astrocytes within the SVZ were spared by treatment with high doses of anti-mitotic drugs that kill virtually all transit amplifying cells and neuroblasts, and are able to regenerate a functional neurogenic system. 
These in vivo studies not only have identified in the SVZ a subset of astrocytes as bona fide NSCs but have also traced a lineage relationship between the different SVZ cell types. In fact, slow-dividing type B cells give rise to type C cells that, in turn, proliferate with remarkable frequency giving rise to type A proliferating neuroblasts (Doetsch et al., 1999b), the precursors of olfactory bulb interneurons. 
The fact that astrocytes of the adult forebrain SVZ retain stem cell potential has also been shown in cultures from transgenic mice expressing herpes simplex virus thymidine kinase from the GFAP promoter, in which dividing GFAP-expressing cells can be selectively eliminated by anti-viral agents (Imura et al., 2003). In a similar model, the same conclusion has been reached in vivo after observation of depletion of newly generated neurons in the olfactory bulb (Garcia et al., 2004). 
The transition from quiescent to ‘activated’ SVZ astrocyte coincides with an increased expression of the EGF receptor (EGFR), thought to be implicated in the shift from a relatively quiescent cell to a ‘transit amplifying’ cell capable of expanding the neuronal progenitor population (Doetsch et al., 2002). Hence, substantial evidence indicates GFAP-expressing progenitor cells as a predominant source of constitutive adult neurogenesis, suggesting that NSCs could retain cytological aspect and functions of highly specialized cells in the CNS in contrast with the common idea that stem cells are highly undifferentiated elements (Alvarez-Buylla et al., 2001). 
Similarly, SGZ radial astrocytes are thought to function as giving rise to neurons, astrocytes and oligodendrocytes in the hippocampus (Seri et al., 2004). In the SGZ, type D cells are thought to function as ‘transit amplifying’ cells in the hippocampal NSC niche. Steiner et al. (2006) characterized the highly proliferative intermediate precursor (type-2 cell) of the hippocampus as the level where the transition between the glial-like state and neuronal differentiation does occur. 
The common features shared by NSCs of the two main brain neurogenic sites can find an explanation in their developmental origin. 


The dual role of radial glia and the origin of adult NSCs

Although classically considered as a transient scaffold for neuronal migration (Rakic, 1990,2003; see above), radial glial cells have been recently re-considered by studies demonstrating that they could act as stem cells during embryogenesis (reviewed in Pinto and Gotz, 2007; Rakic, 2003). Indeed, some radial glia are endowed with self-renewal capacity and generate astrocytes, neurons (Noctor et al., 2001) and oligodendrocytes (Merkle et al., 2004). This might occur in vivo in two different ways: i) newly born neuroblasts are generated by asymmetric division and then migrate along the radial fiber of their mother cell (Noctor et al., 2001), or ii) radial glia cells transform into migrating neurons by translocating the nucleus along the radial process, leaving a stem cell within the VZ (Miyata et al., 2001). Although prevalently assessed in cerebral cortex development, similar properties of radial glia as neural progenitors have been demonstrated to exist within wide areas of the CNS, with remarkable regional- and lineage-dependent heterogeneity (Merkle et al., 2007; reviewed in Pinto and Gotz, 2007). 
Most of radial glial cells actually disappear at the end of neurogenesis by progressive transformation into parenchymal astrocytes of the mature CNS (Rakic, 2003). Postnatal modifications involve both morphological changes (displacement of the cell soma from the ventricle, retraction of the radial process from the pial surface, increased ramification of cell processes) and molecular modifications, resulting in the expression of specific sets of intermediate filament proteins (reviewed in Bonfanti and Peretto, 2007; Pinto and Gotz, 2007). The radial glia/astrocyte transition can also be viewed as a sort of transdifferentiation process that can display different traits depending on regional specializations (Chanas-Sacré et al., 2000). While in most of CNS parenchyma radial glial cells transform into stellate astrocytes, in restricted CNS regions (e.g. Bergmann fibres in the cerebellum and Muller cells in the retina) they retain some morphological and molecular features resembling those displayed at the precursor cell state. 
An additional scenario can be envisaged within the neurogenic sites, where the large majority of radial glial cells do transform into astrocytes (glial tubes in the SVZ, radial astrocytes in the SGZ), but a subset of them retains some morphological, molecular, and functional features of primary precursors. In the SVZ, radial glia change their orientation and degree of ramification thus forming the unique astrocytic meshwork of the glial tubes (Peretto et al., 2005). During the morphogenesis of the hippocampus, radial glial cells translocate from the SVZ to the dentate gyrus (Eckenhoff and Rakic, 1984), then persisting as radial astrocytes in the SGZ (Seri et al., 2004). Among the adult SVZ and SGZ cell types, glial cells have some cytological and molecular features of radial glia, since they contain glycogen granules, the intermediate filaments vimentin and nestin, and glutamate transporters (Bonfanti and Peretto, 2007; Pinto and Gotz, 2007). In the SVZ, some of them retain a thin cellular process protruding in the ventricle through the ependymal monolayer (Doetsch et al., 2002). The mechanisms underlying the morphological, molecular and functional transition that glial cell compartments undergo within the neurogenic niches are largely unknown, yet recent studies confirmed that radial glia-derived SVZ astrocytes retain stem cell properties. 
The observations relative to the persistence of radial glia within the SVZ were followed by more direct proof of a link between embryonic radial glia and adult NSCs. This was obtained by employing a lox-Cre-based technique approach to specifically and permanently label a restricted population of radial glia in newborn mice (Merkle et al., 2004). Radial glia in the lateral wall of the lateral ventricle genetically tagged with a replication incompetent, EGFP-expressing adenovirus at postnatal day 0, was shown to give rise to GFAP+ astrocytes of the SVZ as well as to multiple classes of brain cells including neurons, ependymal cells, and oligodendrocytes. The fact that radial glia become the forebrain NSCs is also supported by other observations in the work of Merkle and colleagues, namely, i) the RMS contained marked migratory neuroblasts produced after the disappearance of radial glia; ii) marked glial and neuronal cells also labelled for exogenously-administered bromodeoxyuridine were found in the olfactory bulb; iii) the progeny of marked radial glial cells isolated from adult animals generated self-renewing, multipotent neurospheres.     
Radial glia-like cells whose cell bodies translocate from the SVZ to the dentate gyrus (Eckenhoff and Rakic, 1984) persist as the radial astrocytes of the SGZ (Seri et al., 2004), taking part in the hippocampal stem cell niche. These cells show functional properties similar to those of the SVZ, although some intermediate transit cells can be slightly different (Seri et al., 2001,2004; Namba et al., 2005). By comparing glial cells of the two main neurogenic sites, SVZ and SGZ, another common pattern can be found in the lineage radial glia-astrocyte/stem cell, although revealing that radial glia transform differently within different tissue environments. 
Unlike the hippocampal SGZ, the high density of astrocytic cells packed within the glial tube structure, further complicated by the intermix of their processes, could explain how the existence of a remnant of radial glial cells in this adult neurogenic site was not detected soon after its discovery (Luskin, 1993; Lois et al., 1994; Jankovski and Sotelo, 1996; Lois et al., 1996; Peretto et al., 1997). Due to such a complexity, the exact morphology and spatial organization of individual glial cells therein is at present unknown, and immunocytochemistry indicates that the glial compartment of the adult SVZ is highly heterogeneous. For instance, subsets of SVZ astrocytes express vimentin, nestin (Peretto et al., 1999), platelet-derived growth factor receptor- (PDGFR Jackson et al., 2006), EGF receptor (Doetsch et al., 1999b), carbohydrate antigen known as Lewis X (LeX; Bartsch and Mai, 1991; Capela and Temple, 2002). Combined morphological and functional studies estimated that about 12% of SVZ cells are GFAP+, but only 1% of SVZ cells generate neurospheres (Doetsch et al., 1999b), thus indicating that not all SVZ astrocytes are stem cells. Nevertheless, none of the markers investigated so far can be considered restricted to the stem cell elements, and only slight differences can be observed among these glial cells at the ultrastructural level (Doetsch et al., 1997), thus leaving unresolved the issue of NSCs in vivo identification. 
All these this evidences provesd that radial glial cells not only serve as progenitors for many neurons and glial cells soon after birth, but also give rise to adult SVZ stem cells that continue to produce neurons throughout adult life. Yet, NSC features seem to be retained solely within persistent neurogenic sites since astrocytes from other (non-neurogenic) CNS regions can generate stem cells in vitro only when isolated at early developmental stages, whereas they lose this property after the second postnatal week in mice (Laywell et al., 2000). This confirms that adult neurogenic sites other than harbouring stem/progenitor cells do possess intrinsic cellular/molecular factors capable of favouring the retention of stemness properties as well as of allowing them to extrinsecate. This fact does not exclude that quiescent stemness properties could possibly be retained elsewhere (see below). 
Neurogenesis declines with aging in the SVZ and, more strikingly, in the SGZ in terms of newly generated neurons, accompanied by changes in the niche cytoarchitecture. A significant decrease in cell proliferation occurs in the mouse SVZ between 2 and 22 months of age, due to a decrease in neuroblast and transit amplifying cell numbers, in contrast with a relatively constant amount of astrocytes (Luo et al., 2006). Although only residual pockets of neurogenesis remain in the dorsolateral horn of the SVZ in old mice, the key components of the younger neurogenic niche are maintained. 




LOCAL PROGENITORS IN NON-NEUROGENIC PARENCHYMA


Even in the context of an expanding knowledge on brain plasticity and repair, apart from two restricted neurogenic sites, most of the CNS remains a perennial, non renewable tissue. Yet, in addition to SVZ and SGZ, some other loci with potential and actual capabilities to generate glial and/or neuronal cells have been identified in mammals, with remarkable species-related differences (reviewed in Gould, 2007; Bonfanti and Ponti, 2007; see below, for the issue of comparative neurogenesis). 


Adult gliogenesis is more widespread than neurogenesis 

The presence of mitotically active glial cells has been observed since long time in radioautographic studies (Walker and Leblond, 1958; Adrian and Walker, 1962). In recent years it was confirmed that glial elements are highly plastic cells under many profiles, both as part of homeostatic mechanisms and in response to injury and disease (reviewed in Horner and Jacobson, 2008). 
A continuous production of glial progenitors proliferating in situ and differentiating into astrocytes and oligodendrocytes has been shown to occur in the corpus callosum (Gensert and Goldman, 1996, 2001), spinal cord (Horner et al., 2000) and substantia nigra (Lie et al., 2002) of adult rodents. In the adult rat spinal cord, which is not endowed with spontaneous neurogenic capacities, a process of slow but widespread and persistent gliogenesis does occur (Horner et al., 2000). Multipotent adult NSCs that if transplanted in the hippocampus can give rise to both neurons and glia, when grafted in the spinal cord assume a restricted glial fate (Shihabuddin et al., 2000). Thus, the spinal cord environment seems to be particularly gliogenic. 
Similarconclsions can be drawn for the cerebellum. Cells endowed with stem properties have been recently isolated from the postnatal (Lee et al., 2005) and even adult parenchyma of the rodent cerebellum (Klein et al., 2005). These cells can generate local phenotypes following transplantation to early postnatal cerebella, when neurogenesis is still active. Beyond this period, however, there cerebellar milieu lacks clear inductive capacities and there is no evidence for either spontaneous, compensatory or inducible neuronal neogeneration (Grimaldi and Rossi, 2006).
The cell intrinsic/extrinsic properties that create a gliogenic environment in the adult CNS are not well understood. The largest class of mitotically active cells in the adult brain and spinal cord were found to express the nerve/glial antigen 2 (NG2) proteoglycan (Horner et al., 2002; Dawson et al., 2003). NG2-expressing cells are a widespread, heterogeneous population of glial progenitor cells most of which retain the capability to divide during adulthood (Belachew et al., 2003). They are also called synantocytes (Berry et al., 2002; Butt et al., 2002,2005) or polydendrocytes (Nishiyama, 2007), and are morphologically, antigenically, and functionally distinct from mature astrocytes, oligodendrocytes, and microglia, being at present the best example of parenchymal progenitors (Horner et al., 2002; Nishiyama, 2007). 
NG2+ cells are also present within both main neurogenic zones (SVZ and SGZ). During the postnatal period, these resident cells are intrinsically multipotent in vitro and can generate neurons in vivo (Aguirre and Gallo, 2004; Aguirre et al., 2004; Belachew et al., 2003), whereas the multipotency of parenchymal NG2-expressing cells remains to be evaluated (Nishiyama, 2007). 
Thus, it has not been resolved if the stem-like pools of progenitors isolated from various parenchymal regions at post-developmental periods are of physiologically relevance or artifacts of experimental manipulation (Ourednik et al., 2001). The existence of spatial differences in the developmental competence and normal fates of diverse population of CNS progenitors in vivo (that are not preserved by the in vitro assays used to isolate these cells) suggests that it is important to understand the difference between fate and potential (Jessell, 2000). 
In the context of gliogenesis an exception is represented by microglia, the resident immune cells of the CNS. Unlike astrocytes and oligodendrocytes - derived from a common neuroepithelial precursor - the origin of microglial cells is still hotly debated, and their functions are quite distinct from macroglia. Although dogma holds that microglia are derived from blood monocytes late in development and continue to populate the CNS via vascular infiltration postnatally, it is now argued that during embryonic and fetal development, microglial precursors are of a peripheral mesodermal origin which is separate from the monocyte lineage (reviewed in Chan et al., 2007). In adults, the resident microglial population undergoes slow turnover in addition to the traditionally established repopulation via vascular infiltration of blood monocytes (Lawson et al., 1992). However, some recent findings indicate that expansion of the microglia population in response to different pathological stimuli is primarily sustained by CSN resident elements rather than blood-borne recruited cells (Midner et al., 2007; Ajami et a., 2007). In healthy tissue, microglia have classically been referred to as “resting”, idly awaiting a pathogenic signal, but mounting evidence suggests they play a more active role in nervous tissue monitoring, and a rethinking of their the dynamic nature without the pathological context actually is among future perspectives (reviewed in Hanisch and Kettenmann, 2007; see below).





Although proliferative activity in non-neurogenic regions is thought to give rise primarily to glial cells, several in vitro data indicate that neuron competent precursors naturally exist in widely divergent tissues of the adult brain (Palmer et al., 1995,1999; Weiss et al., 1996; Kondo and Raff, 2000; Dawson et al., 2003; Tamura et al., 2004,2007). In addition, spontaneous in vivo parenchymal-derived neurogenesis has been described to occur in some mammals (Bedard et al., 2002; Dayer et al., 2005; Luzzati et al., 2006; Bonfanti, 2006; Ponti and Bonfanti, 2008).
A small rate of local neurogenesis has been shown to occur in the rat neocortex (Dayer et al., 2005; Tamura et al., 2007), whereas the migration of new neuroblasts from the SVZ to the brain parenchyma remains quite controversial (Gould et al., 1999;2001; Dayer et al., 2005) or limited to young animals (Luzzati et al., 2003; Ponti et al., 2006b). 
Besides the common pattern reported in the CNS of all mammals studied so far, intriguing interspecies differences have been found concerning the occurrence of alternative sources of newly born cells (Bernier et al., 2002; Bédard et al., 2002a, 2005; Luzzati et al., 2003, 2006; Ponti et al., 2006b), thus making the picture of adult neurogenesis more complex when observed under a comparative profile. The occurrence of newly-formed neurons within the mature brain parenchyma independently from the SVZ neurogenic site has been described in the rabbit caudate nucleus (Luzzati et al., 2006). This region represents the most medial-dorsal part of corpus striatum, and it is generally considered non-neurogenic during the postnatal life under physiological condition. By using BrdU injections coupled to confocal analyses analysis with the neuronal marker NeuN performed at two months survival time from the treatment, the genesis of a low amount of new mature neurons (0.7% of surviving BrdU+ cells) was demonstrated. Additional phenotypic analyses showed that about 1/6 of these cells differentiate into the calretinin striatal interneurons. Although the number of fully differentiated new neurons found is extremely low, the percentage of newly generated calretinin cells reaches non negligible values if referred to the whole population of striatal calretinine interneuronal interneurons population (Luzzati et al., 2006,2007). In addition, the immunocytochemical analysis of early neuronal markers (i.e. PSA-NCAM and doublecortin) showed that in the caudate nucleus of rabbits neuroblasts associate to form chains similar to those of the RMS (striatal chains, Luzzati et al., 2006), but independent from the SVZ neurogenic site. Phenotypic analyses of the newly-born striatal cell precursors indicated that most of them express the astroglial marker BLBP, a protein is abundant in radial glia, and the early neuronal marker DCX. This is the first example of a neurogenic sequence leading to produce new neurons in the mature brain parenchyma, indicating a striking ability of the rabbit striatum to maintain adult neurogenesis under physiological conditions.
The hypothesis that in lagomorphs the adult CNS parenchyma could be particularly supportive for neurogenesis is strengthened by recent results obtained in the rabbit cerebellum. In rodents, no spontaneous genesis of cerebellar neurons occurs after the exhaustion of the external germinal layer (EGL), a transitory actively-proliferating zone which is thought to disappear long before puberty. In rabbits, a protracted genesis of newly generated neuronal precursors does persist in the cerebellar cortex at peripuberal and adult ages (Bonfanti, 2006; Bonfanti and Ponti, 2007; Ponti et al., unpublished). Neuroblasts generated within a proliferative subpial layer replacing the EGL, are arranged to form thousands of tangential chains reminiscent of those responsible for cell migration in the forebrain subventricular zone. Subpial chains cover the cerebellar surface up to the 5th month of life, then disappearing after puberty. By contrast, newly-born cells continue to exist within the adult cerebellar cortex. These cells are GABA-ergic, Pax2+ neurons of the molecular layer and Sox2+/Olig2+ glial cell precursors reminiscent of synantocytes/polydendrocytes, thus suggesting that neuronal and glial progenitors originating from the neuroepithelium persist within the adult cortical parenchyma, even in the absence of a germinal layer. 
Thus, recent research on neurogenesis carried out in different CNS regions and/or in different mammalian species has challenged the concept of “non-neurogenic” parenchyma, that could be replaced by a more general definition “CNS parenchyma outside classic neurogenic sites”. 


THE REGULATION OF NEUROGENESIS 

In the perspective of future uses of NSCs for therapeutic approaches, it is essential to know how their cell biology and functions are regulated in the context of neurogenesis, at different levels. Neurogenesis is modulated by both physiological stimuli (Kuhn et al., 1996; Kempermann et al., 1997; van Praag et al., 1999; Gould et al., 1999; Mirescu and Gould 2006; addressed in this section of the chapter) and pathophysiological conditions (Bengzon et al., 1997; Parent et al., 1997; addressed in the next section). Basically, the regulation of neurogenesis can occur at two extremes: i) at the cellular/molecular level within the stem cell niche and ii) at the behavioural level, through interaction with the environment in which the animals live.
During development, neurogenesis precedes gliogenesis, being characterized by the dual role of radial glia in the genesis and migration of neurons. Yet, the role of glial cells in neurogenesis is not exhausted after birth, since astrocytes (and ependymal cells in the SVZ) are key components of the adult neurogenic niche after they complete their postnatal assembly (Tramontin et al., 2003; Peretto et al., 2005). In both neurogenic zones, some astrocytes represent moreare more kin to traditional astroglia, whereas a subpopulation could displayretains more  stem-like/radial glia-like properties. Thus, similarly to their radial glia precursors, also astrocytes play a dual role, by serving both as primary precursors and/or supporting cells, adding an additional intriguing feature to the process of adult neurogenesis (reviewed in Chiang et al., 2008). After birth, also ependymal cells can contribute to the regulation of neurogenesis, and newly generated neurons might exert influences on both glial and neuronal cells, contributing to maintain the correct proportions between the stem cell pool and their progeny (reviewed in Genzen and Bordey, 2008). 





Astrocytes. Astrocytes in the niche contact all essential cell types within the niche itself. In the adult mammalian neurogenic niches quiescent and active NSCs, neuronal progenitors, and immature neurons are closely associated with astrocytes, blood vessels, and basal lamina (Ma et al., 2005). Although the astrocytic identity of NSCs has been proven (Doetsch et al., 1999b; Alvarez-Buylla et al., 2001; Merkle et al., 2004) the dynamics of cell division and subsequent cell expansion in vivo remain obscure. Anatomically, the close proximity of astrocytes with every cellular and structural component in the neurogenic niches may enable them to function as local sensors, and their unique cellular continuity through gap junctions may enable them to integrate and propagate local signals. Functionally, astrocytes express various signalling molecules that actively modulate the dynamic process of adult neurogenesis. By expressing secreted and membrane-bound molecules, including cell adhesion molecules, growth factors, neurotrophic factors and cytokines, astrocytes may regulate neurogenic niches in a spatial- and temporal-specific manner (reviewed in Ma et al., 2005). 
Factors that are important for cell proliferation, cell patterning and neurogenesis in the embryonic stage are maintained in the adult SVZ and SGZ neurogenic niches. For instance, Wnt, Shh, and Notch signalling are important in maintaining proliferation of adult neural progenitors in vivo (Chambers et al., 2001; Doetsch et al., 2002; Lai et al., 2003). Epidermal growth factor (EGF) and basic fibroblast growth factor (FGF-2), which are used as mitogens to propagate adult NSCs in vitro, are able to induce proliferation of adult neuronal progenitors and quiescent adult NSCs in vivo (Doetsch et al., 2002). 
In addition to secreted factors, signalling via cell-cell contact also promotes neurogenesis, as astrocyte-conditioned medium does not fully account for neurogenic activities from astrocytes. Besides, the majority of identified neurogenic factors are not associated with all, but only certain subsets of astrocytes in the SVZ and SGZ, thus further accentuating the complex regulation of adult neurogenesis by specialized local astrocytes (see Ma et al., 2005). 
The neuronal progeny of adult SVZ NSCs exhibit astonishing ability to migrate in a highly directed manner, up to several millimetres in rodents and several centimetres in humans (reviewed in Bonfanti and Ponti, 2007; Curtis et al., 2007). Along the RMS, neuroblasts migrate to the olfactory bulb through the meshwork of astrocytes called glial tubes (Lois et al., 1996; Jankovski and Sotelo, 1996; Peretto et al., 1997) which not only create a physical route for the long-distance migration, but also communicate with migrating cells and regulate their migration speed. In turn, migrating neuroblasts in the RMS release neurotransmitter GABA, thus contributing to regulate migration (see below). 
Transplantation experiments showing that adult progenitors isolated from non-neurogenic regions can give rise to neurons when transplanted into neurogenic niches and that they change phenotypes of their neuronal progeny when transplanted into another neurogenic niche support the hypothesis the complex signalling present in the niches regulate neuronal fate specification of adult neural progenitors.  However, recent works suggest that indeed NSCs residing in the different neurogenic niches represent specified and non-equivalent populations of primitive cells endowed with an intrinsic and restricted neurogenic program which is maintained during brain development until adulthood in a regionally dependent manner (Merkle et al., 2007; Young et al., 2007). 
During development, reciprocal interactions between differentiating glial cells and neurons are important for establishing neuronal connections. In culture, hippocampal astrocytes promote development of intrinsic excitability and synapse formation of new neurons derived from adult hippocampal neural progenitors (Song et al., 2002b). The molecular mechanisms regulating synaptic integration of adult-born neurons remain to be fully characterized. However, several astrocyte-secreted synaptogenic factors that promote dendritic development and synapse formation in embryonic systems, including Wnts, thrombospondins, and tumour necrosis factor- (TNF), might play an important role also in the adult environment (reviewed in Ma et al., 2005). Dendritic spine morphology and organization are regulated through local astrocyte contact and ephrin ligands (for further details see Ma et al., 2005).

Ependymal cells. Ependymal cells are ciliated cuboidal/columnar cells forming an epithelial monolayer (ependyma) along the walls of the brain and spinal cord ventricular cavities (Bruni, 1998). Besides being a protective barrier between the brain parenchyma and cerebrospinal fluid they function as important ‘partner cells’ in the neurogenic niche (reviewed in Genzen and Bordey, 2008). Similarly to astrocytes, ependymal cells are derived from radial glia, but they are post-mitotic under physiological conditions (Spassky et al., 2005). Although it is believed that adult ependymal cells might display limited regenerative capacity after damage, the hypothesis that they might represent an alternative source of NSCs has lost ground. Even though ependymal cells can proliferate in vitro they do not maintain the capacity to self-renew or produce neurons (Chiasson et al., 1999). Indeed, these cells are derived from radial glia but are post-mitotic (Spassky et al., 2005).
Although ependymal cells do not act as NSCs, they are capable to release molecules that modulate cell proliferation and/or NSC self-renewal in the SVZ. The peptides Noggin and Pigment Epithelium-Derived factor (PEDF), which are synthesized and released by ependymal cells, have been identified as key molecules for the regulation of SVZ neurogenesis. Noggin binds to and inhibits bone morphogenetic protein (BMP). As BMP inhibits neurogenesis (and promote gliogenesis), Noggin antagonizes this BMP signalling, therefore promoting neurogenesis in this stem cell niche (Lim et al., 2000), although a more widespread expression of Noggin, BMP4, and BMP7 was observed in the entire SVZ, including regions that do not contain ependymal cells (Peretto et al., 2004). Also PEDF, a protein synthesized also by endothelial cells, has been shown to promote the self-renewal of NSCs (Ramírez-Castillejo et al., 2006). 





The proliferation of neural progenitors is dynamically influenced by many physiological and pathological changes, including hormones, growth factors, physical activity, drugs, ischemia, and seizures (Lim and Alvarez-Buylla, 1999; Lie et al., 2004; Ma et al., 2005). 
Neurotransmitters are a class of secreted molecules that are generally associated with neuronal communication, yet they might be important signals during nervous system development. For example, transmitter-gated receptors are operative before synapse formation, suggesting that their action is not restricted to synaptic transmission. Such a ‘trophic’ effect appears to be mediated through a paracrine, diffuse, non-synaptic mode of action that precedes the more focused, rapid mode of operation characteristic of synaptic connections (Represa and Ben-Ari, 2005).
The amino acid -aminobutyric acid (GABA) has been implicated in the regulation of nearly all the key developmental steps, from cell proliferation to circuit refinement. Although in the mature brain GABA functions primarily as an inhibitory neurotransmitter, during CNS development it can also act as a trophic factor to influence events such as proliferation, migration, differentiation, synapse maturation and cell death (Owens and Kriegstein, 2002; Represa and Ben-Ari, 2005). Recent studies indicate that GABA can exert similar effects also in neurogenic sites, possibly acting as a regulator in adult neurogenesis. For example, a negative regulation of newly born olfactory bulb interneurons production via regulated, paracrine GABAergic signalling has suggested (Liu et al., 2005). As GFAP-expressing cells generate neuroblasts in the SVZ, GABA released from neuroblasts provides a feedback mechanism to control the proliferation of GFAP-expressing progenitors, and, in turn, neuroblast production, by activating GABAA receptors. On the whole, GABA might be considered a key regulator of the neuroblast pool size in the SVZ and on the state of the synaptic network activity in the hippocampus (Bordey, 2007).





Although the neurobiological bases of neurogenesis in adulthood remain enigmatic, a role in learning and memory has long been recognized across many vertebrates (Lindsey and Tropepe, 2006), in songbirds (Nottebohm, 2002) and in mammals (see Gould et al., 1999). This implies that, in addition to cellular/molecular regulation, many external, environmental factors can be involved in the modulation of this process. 
Hippocampal neurogenesis is modulated by many factors, thus it has been used as a model for quantitative studies aimed at unravelling how cell production and survival are regulated. For example, an enriched environment increases the survival of newly born cells (Kempermann et al., 1997; Gould et al., 1999a,b) whereas stress conditions exert the opposite effect (Mirescu and Gould, 2006). Hormonal levels (Tanapat et al., 1999) and physical activity (Van Praag et al., 1999) also affect hippocampal neurogenesis, although the exact mechanisms are still obscure (Gould et al., 1999a; Mirescu and Gould, 2006). Similar to the olfactory system (see below), adult neurogenesis in the dentate gyrus is modulated during learning of hippocampal-dependent tasks, thus it may play a role in learning and memory (Gould et al., 1999a,b; Leuner et al., 2006; Lledo et al., 2006; Meshi et al., 2006).
Newborn cells in the adult olfactory bulb that had survived to the early wave of cell death can live up to one year or more (reviewed in Lledo et al., 2006). There is increasing evidence for the role of sensory input in control of adult neurogenesis in the olfactory system. In anosmic mice, the lack of metabolic and electrical activity dramatically reduces the survival of newborn neurons acting selectively on those cells which have achieved morphological maturation, whereas this manipulation does not influence proliferation and migration of immature cells (Petreanu and Alvarez Buylla, 2002). Deprivation of the sensory input by naris occlusion reduces survival of newly generated cells (Corotto et al., 1994; Mandairon et al., 2006) and a critical time window for sensory experience-dependent survival of new granule cells has been established at days 14-28 after birth (Yamaguchi and Mori, 2005). 
Following protocols of reversible olfactory deprivation in which newborn animals are unilaterally occluded for 20 days, which reduces the number of cells in the bulb, and then allow to access to normal olfactory stimulation for the following 40 days, olfactory bulb cell numbers can recover (Cummings et al., 1997). Interestingly, this effect was found to depend, at least partially, by increase of newly generated cells that survived in the previously deprived olfactory bulb, suggesting that the probability of survival of newly generated neurons may be enhanced by renewed access to environmental stimulation. 
Computation modeling suggests activity-dependent incorporation of new granule cells in the olfactory bulb optimizes olfactory discrimination, a theory supported by recent studies showing that survival of adult born granule neurons is transiently increased by olfactory enrichment and correlates to improvement in olfactory memory (Rochefort et al., 2002). A positive modulation of olfactory bulb neurogenesis has also been described following a protocol of olfactory discrimination learning (Alonso et al., 2006). Although in some cases contradictory, all studies indicate a functional relationship between newborn cell survival and learning (see also Giachino et al., 2005; Miwa and Storm, 2005). 





NEUROGENESIS AND PATHOLOGICAL CONDITIONS

Neurological injuries as well as chronic neurodegenerative diseases, characterized by neuronal and/or glial loss and dementia or by demyelination andaccompanied by neurological disfunction or cognitive impairment, are largely untreatable, thus representing a huge social and economical burden. In this context, the discovery of NSCs and of neurogenic processes representing a direct outcome of their activity in vivo, prompted new perspectives for brain repair. In the last few years, in parallel with research carried out on adult neurogenesis and that aimed at unraveling the aetiopathology pathogenesis of these diseases, many studies started to investigateaddressed the mutual influences between neurogenesis and pathological statecondition. 
Although this field of research is still at its beginnings, it appears is clear that different responses in stem cell activity and glio-/neuro-genesis are dependent on the specific situations involved, i.e. the site and type of lesion (e.g. mechanical lesions, hypoxia/ischemia, neurodegenerative diseases, demyelination), the age, and the animal species involved (Goings et al., 2004; Picard-Riera et al., 2004; Kim and Szele, 2007). 


SVZ activation in different lesion/disease paradigms

Endogenous SVZ NSCs become “activated” after neuronal injury (reviewed in Kim and Szele, 2007). Such an activation implies changes in cell proliferation, migration from the SVZ to the surrounding parenchyma, and differentiation into glial/neuronal elements depending on different lesion/disease paradigms. Most situations have ultimately the prevalent effect of expanding the neuronal/glial precursor cell population existing within neurogenic sites, a process occurring parallel to an upregulation of developmentally-related molecules that can partially mimic but not recreate the environment typical of embryonic neurogenesis. Unfortunately, the identification of the real nature, origin, and fate of these cells is not easy to assess, and it is known that several methodological artefacts can affect the detection of newly born cells in vivo, particularly within injured tissue (Gould and Gross, 2002; Rakic, 2002).
Mechanical lesions are highly variable and difficult to be reproduced experimentally. Generally, they result in hemorrhage, edema, followed by gliosis and ultimately cell death. How these changes in brain tissue homeostasis do affect cells in the SVZ is poorly understood, due to heterogeneity of experimental models and results obtained, as well as species differences, even between rat and mouse (reviewed in Dizon and Szele, 2006). In general, cell proliferation seems to be increased in rats and decreased in mice, although this could not be related to effective neurogenesis, the total number of cells in the SVZ being also regulated by cell migration and cell death. 
Despite the presence of the glial tube astrocytic meshwork, we know that cells generated in the SVZ can emigrate outside their physiological route of the RMS since the first experiments of growth factor (EGF) intraventricular injection (Craig et al., 1996). Under prolonged exposure to EGF these cells invade the surrounding mature parenchyma, including striatum, septum, corpus callosum, and cortex (Doetsch et al., 2002).
Many studies suggest that newly generated cells also migrate away from the proliferative regions in postnatal and adult lesioned brains, both after trauma and ischemia (Zhang et al., 2001,2007; Arvidsson et al., 2002; Parent et al., 2002a,b,2006; Gotts and Chesselet, 2005; Felling et al., 2006; Lee et al., 2006; Yamashita et al., 2006). Cells generated within the SVZ have been proposed to reach the striatum or the corpus callosum within two-three weeks (Parent et al., 2002a,b; Arvidsson et al., 2002; Yamashita et al., 2006). In lysolecithin-induced demyelinating lesions of the corpus callosum, glial progenitor cells recruited from the subjacent SVZ were shown to migrate to the lesion site and differentiate into oligodendrocytes and astrocytes (Nait-Oumesmar et al., 1999; Picard-Riera et al., 2002). A similar result has been recently observed in postmortem brains of humans affected by multiple sclerosis (Nait-Oumesmar et al., 2007). 
The genesis of new neurons has been proposed to occur in the neocortex of adult mice after targeted cell death of corticothalamic neurons that does not affect any of the surrounding cell types (Magavi et al., 2000). In this paradigm​[2]​, the dying neurons are phagocitically removed without inflammation or gliosis, what could provide an instructive environment for restorative neurogenesis. These authors suggest that after targeted apoptosis in the murine neocortex new neurons can integrate in the pre-existing neuronal circuits as a result of both migration from the subjacent SVZ and local proliferation/differentiation (reviewed in Magavi and Macklis, 2001; see also below). By the same paradigm neogeneration of cortico-spinal neurons has been also reported (Chen et al., 2004). However, in spite of the interest of this model, compensatory neogenesis of cerebral cortical neurons still avaits a stringent demonstration in conditions matching a real pathological situation.
These results clearly show that different types of injury/disease can trigger specific differentiative pathways in the newly generated progenitor cells, yet leaving open the question if they come from the same multipotential stem cells or from co-existing unipotential progenitors (see Kim and Szele, 2007). Both these situations could be active at the same time within different portions of the SVZ, its heterogeneity remaining largely unesplored (see for example Hack et al., 2005; Merkle et al., 2007). 
 

SGZ activation in different lesion/disease paradigms

Dentate gyrus neurogenesis is stimulated by several types of injuries leading to granule neurons cell death: adrenalectomy, excitotoxic or mechanical lesions (Cameron and Gould, 1994; Gould and Tanapat, 1997). The same outcome is observed after ischemia (Liu et al., 1998; Bernabeu and Sharp, 2000; Arvidsson et al., 2001; reviewed in Parent et al., 2002; Kokaia and Lindvall, 2003) and epileptic seizures (Bengzon et al., 1997; Parent et al., 1997; Gray and Sundstrom, 1998). 
Two brain injury models in particular, experimental epilepsy and stroke, have provided significant insight into the consequences of injury-induced neurogenesis in the hippocampus. Dentate gyrus neurogenesis in adult rodent epilepsy models suggest that seizure-induced neurogenesis involves aberrant neuroblast migration and integration that may contribute to persistent hippocampal hyperexcitability. On the other hand, both global ischemia (a model that replicates coronary artery occlusion) and focal ischemia (stroke) increases the production of new dentate gyrus granule neurons (Liu et al., 1998; Arvidsson et al., 2001; Kee et al., 2001; Yagita et al., 2001; Komitova et al., 2002), although we lack evidence that they replace those that have died. However, the iInjection of growth factors (EGF and FGF-2) after ischemia leads to regeneration of pyramidal neurons in rats starting from progenitor cells located in the posterior SVZ (Nakatomi et al., 2002). This report, however, still avaits definitive confirmation. The recruitment of cell progenitors from the caudal SVZ into the injured hippocampus has also been described to occur after prolonged seizures (Parent et al., 2006).
These findings underscore the need for a better understanding of injury-induced neurogenesis in the adult and suggest that the manipulation of endogenous neural precursors is a potential strategy for brain reparative therapies.


PERSPECTIVES FOR BRAIN REPAIR

Studies in the stem cell field are of great interest for unraveling basic cellular mechanisms (proliferation, differentiation, cancer genesis) and exciting therapeutic perspectives (cell therapy, regenerative medicine) (Gage and Verma, 2003). Notwithstanding the headway achieved, many cellular and tissue mechanisms controlling the activity of these cells are still unclear, particularly in the nervous system. Cell replacement therapies for neurologic diseases require that newly-added cells adopt specific phenotypes and become functionally integrated into the adult CNS network. Although stem cells, which also reside in the mature CNS, are able to differentiate into different cell types, their actual phenotypic choice will be ultimately determined by the extrinsic cues present in their microenvironment. As a consequence, crucial to develop efficient therapeutic strategies is to elucidate whether the adult CNS milieu provides instructive information to direct the specification and adaptive integration of multipotent cells. Although the adult injured CNS may be endowed with previously overlooked self-repair potentialities, the real capabilities of the adult brain to incorporate new elements have still to be determined. Thus, new answers to unresolved questions could reside in the dualism between intrinsic (cellular) factors and extrinsic cues such as interactions in the “stem cell niche” and in the host tissue. 

Cell replacement in the adult CNS. 1) specification of stem/progenitor cells
Neuronal replacement in the adult CNS may be obtained wither through cell transplantation or mobilization of resident stem/progenitor cells. In both instances, the process is accomplished through two major steps. The newly added stem cell has first to be specified towards a specific phenotype and, then, it has to become anatomically and functionally integrated in the recipient network. In the neurogenic regions of the adult CNS, the whole process occurs spontaneously. When these regions are hit by injury, reactive mechanisms boost the neurogenic machinery so to counteract neuronal loss (Goldman, 2005; see also references in the sections above). There is evidence that attempts to set up similar compensatory mechanisms may also take place in normally non-neurogenic sites (e.g. Magavi et al., 2000; Arvidsson et al., 2002; Kokaya and Lindvall, 2003; Curtis et al., 2003; Jin et al., 2004). However, the actual extent of these phenomena, particularly in terms of effective replacement of lost neurons remains uncertain. Although it is clear that adult neurogenesis is a physiologically relevant phenomenon only in restricted sites and concerns a limited number of phenotypes, it is plausible that it may be reactivated following injury to favour repair. However, the available evidence indicates that this may happen only in very particular conditions (e.g. Magavi etal., 2000) or with an almost abortive outcome (e.g. Arvidsson et al., 2002). By contrast, numerous reports indicate that the injured CNS milieu retains poor neurogenic abilities (Martens et al., 2002; Zhao et al., 2003; Frielingsdorf et al., 2004; Grimaldi and Rossi, 2006) and, rather, develops strong gliogenic aptitudes (see Rossi and Cattaneo, 2002).
If spontaneous mechanisms are not sufficient to sustain repair, latent neurogenic potentialities present in the adult nervous tissue might be enhanced by the application of specific stimulating substances. Over the last few years, intraventricular application of growth factors or neurotrophic molecules has been employed to promote neuronal neogeneration in normally non-neurogenic locations (reviewed in Goldman, 2004, 2007). Following application of brain-derived neurotrophic factor (BDNF; Zigova et al., 1998; Benraiss et al., 2001; Pencea et al., 2001) numerous proliferating cells appear in the regions surrounding the cerebral ventricles. Some of such newly-born cells settle in the striatum and acquire features suggestive of medium-sized spiny neurons. In addition, new elements expressing markers for immature neurons occur in several other regions. Long-lasting infusion of epidermal growth factor (EGF) and basic fibroblast growth factor (bFGF) also enhance the proliferation of resident progenitors in the SVZ of the lateral ventricles.(Graig etal., 1996; Kuhn et al., 1997). These factors influence the phenotypic choices of newly-born born elements: EGF promotes neuronal production in the olfactory bulb, whereas bFGF increases gliogenesis in the olfactory bulb and the dentate gyrus. Infusion of the same substances in the fourth ventricle stimulates the proliferation of resident progenitor cells of the brainstem and spinal cord (Martens et al., 2002) and of the cerebellum (Grimaldi and Rossi, 2006)  Here, however, these cells exclusively differentiate into glia. Therefore, application of bioactive molecules can effectively enhance the proliferation of endogenous progenitor cells. Nevertheless, evidence that these cells can acquire mature neuron phenotypes and become stably incorporated in adult circuits is still scant.
Similar approaches applied to experimental models of injury or degeneration have yielded some encouraging results in the striatum (Fallon et al., 2000), hippocampus (Nakatomi et al., 2002) and septum (Calzà et al., 2003), but they resulted uneffective in the cerebellum (Grimaldi and Rossi, 2006). Thus, if latent neurogenic potentialities exist in the adult CNS, they may be not homogeneously distributed throughout the neuraxis.
While the existence of resident progenitors in the adult CNS parenchyma is firmly established, little is known about their actual developmental potentialities in vivo. Several reports indicate that such proliferating cells express region-specific properties and, hence, might be actually restricted in their phenotypic choices (Hitoshi et al., 2002; Kim et al., 2006; Armando et al., 2007). As a consequence, therapeutic employment of resident progenitors of the mature CNS still a more careful characterization and deeper understanding of their biological properties and of the signaling mechanisms that may determine their fate choices. Alternative strategies in this direction could involve the setting of ex vivo procedures that replicate instructive signaling needed to generate specific neuronal phenotypes (e.g. Wichterle et al., 2002; Smidt and Burbach, 2007). Indeed, there is evidence that the best outcomes in terms of specific differentiation and integration are obtained with committed progenitors rather than naïve stem elements (MacLaren et al., 2006). Finally, it should be emphasized that even when in the case of weak neurogenic properties of the recipient milieu, other mechanisms may help to replace lost neurons by selecting specific phenotypes among pools of committed precursors (e.g Carletti and Rossi, 2005).

Cell replacement in the adult CNS. 2) integration of new neurons in mature circuits
The lack of neurogenic capabilities in a give CNS region may be circumvented by the ex vivo production of committed progenitors. On the contrary, their integration into the recipient circuitry is necessarily conditioned by the specific properties of the recipient tissue. During this process the newly-born neuron must migrate towards its final placement, develop its mature phenotypic traits and establish functional connections with the appropriate partners. Hence, integration is an ontogenetic phenomenon that is accomplished within a mature environment. The latter must provide the newly-added elements with specific signaling, guidance cues and conductive substrates.
Full anatomo-functional incorporation of new elements in preexisting networks spontaneously occurs in active neurogenic sites (Ming and Song, 2005; Emsley et al., 2006). By contrast, there is scant indication that the same may occur in other regions of the adult CNS. Neuronal replacement and integration in the mature cerebral cortex by transplanted (Macklis, 1993) or resident progenitors (Magavi etal., 2000; Chen et al., 2004) seems to be strictly dependent on the maintenance of the tissue architecture. For instance, a good degree of anatomical incorporation can be obtained after targeted photolytic ablation of cortical neurons, a procedure that causes minimal disruption of the tissue texture (Macklis, 1993). On the contrary, settling of donor neurons in the same sites is defective after excitotoxic injuries, that provoke reactive gliosis and disruption of the cortical structure. Therefore, a first prerequisite for the homing of new neurons in non-neurogenic sites is the preservation of tissue structure, which is not an obvious condition following injury or degeneration.
Even when the recipient architecture is maintained, full integration is not automatically guaranteed. In fact, the adult tissue may lack appropriate supportive cues and/or express inhibitory molecules that hinder the navigation of new cells or processes. Indeed, there is evidence that juvenile neurons can actively modify the adult cellular/molecular microenvironment to favour their penetration and settling. This phenomenon, called “adaptive  rejuvenation” (Sotelo et al., 1994), involves the re-expression of developmentally-regulated molecules by glial scaffolds as well as the induction of structural plasticity and synaptogenesis of adult axons, in order to integrate new elements in the host circuitry (Sotelo and Alvarado-Mallart, 1991; Grimaldi et al., 2005). Newly-born neurons can be also endowed with strong adaptive properties that allow them to exploit unusual migratory pathways, when the physiological routes are impassable or no longer available. For instance, embryonic Purkinje cells normally migrate to the cerebellar cortex along a radial path from the ventricular neuroepitelium. In the adult this route is obstructed by inhibitory cues present in the internal granule cell layer, which is not yet present at the ontogentic stage when Purkinje cells migrate to the cortex. Thus, in adult individuals transplanted Purkinje cells enter the cerebellar cortex via the pial surface and then migrate inwardly along Bergmann fibres (Sotelo and Alvarado-Mallart, 1991; Grimaldi et al., 2005). This path, which is also conductive for granule cells but not for neocortical neurons (Rossi et al., 1992, 1994; Grimaldi et al., 2005), allows donor Purkinje cells to establish specific connectivity with local partners. However, because of the unusual migratory route, such Purkinje cells have inverted orientation and fail to send their axons to their natural targets in the deep cerebellar nuclei (Sotelo and Alvarado-Mallart, 1991; Grimaldi et al., 2005). This example is paradigmatic in showing that specific cell replacement and circuit rewiring in non-neurogenic sites likely requires targeted manipulations of the recipient microenvironment to allow full integration of newly-added elements.
On the whole, the observations reported above indicate that efficient neuronal replacement may be feasible. However, this goal requires some deep understanding of the biological features of the newly-added neurons (either endogenous or exogenous) and also of the recipient tissue. Indeed, it has to be emphasized that while major efforts have been produced to investigate cellular physiology and molecular biology of neural stem cells, little attention has been paid to the properties of the recipient tissue, particularly when related to specific pathological conditions. Because of the complexity of the adult nervous tissue and the multifarious nature of its diseases, this step is likely the most challenging. Nevertheless, it is clear that even the best cells may turn out to be unuseful if we do not succeed in mastering the recipient environment.

Since the discovery of NSCs, it has becoming more and more evident that large-scale sources of NSCs can represent a fundamental resource for both basic research and advances toward the treatment of neurodegenerative disorders. In fact, the extensive growth of neural stem and progenitor cells in vitro, would offer a large population of progenitors that, beside offering an appropriate tool to study the essential biology of tissue-specific stem/progenitors and their molecular and biochemical properties, would enclose considerable potentialities in the therapy for a broad variety of clinical conditions.
Nevertheless, in light of the CNS complexity as well as of the complex cellular/molecular interplay governing division, maintenance and differentiation of stem cells and their progeny, it is clear that significant progress will require the close coordination of in vivo and in vitro approaches. In this scenario, in vitro systems of NSCs can allow a deep analysis at cellular level providing useful information to be further validate in the embryo and adult in order to identify relevance to normal physiology. 
Nevertheless, these cellular systems can present unique opportunities for genetic or chemical screens, and for biochemical strategies. For biomedicine these issues become less important than whether the cells are useful in stimulating repair, are a delivery vehicle or cell replacement.


Activation of CNS dormant cell progenitors: a future perspective

The identification of stem/progenitor cells residing within the mature non-neurogenic nerve tissue introduces new perspectives in the study of adult neurogenesis and CNS structural plasticity. Firstly, it extends the concept of potential stem cells (quiescent multipotent progenitors) to the whole nervous system, in addition to the existence of actual stem cells within the neurogenic niches (Loeffler and Potten, 1997). Consequently, there is a great interest in the long-term perspective of the potential mobilization of these progenitors as an endogenous source for brain repair, possibly by-passing the problems linked to cell transplantation and to the topographically highly restricted location of neurogenic sites (Lie et al., 2004; Luzzati et al., 2007; Bonfanti and Ponti, 2007).
Research summarized in this chapter actually indicates that besides adult neurogenesis and gliogenesis in brain neurogenic sites, undifferentiated progenitors and/or quiescent stem cells could also persist elsewhere in the mature CNS, cycling at slow rates and maintaining the capacity of 'wake' in particular physiological or lesion-induced conditions (Palmer et al., 1995, 1999; Weiss et al., 1996; Gensert and Goldman, 2001; Lie et al., 2002). Nevertheless, the remarkable interest in the study of the potentialities of parenchymal cell progenitors is somehow slowed down by the complexity of the factors/environmental conditions required for their modulation. Unraveling in depth the regulation of endogenous neurogenesis/gliogenesis could lead to its implementation through re-instruction of neural precursor cells to generate new neurons and glial cells, a trend that is rapidly growing as an emerging field in neuroscience.  
Among the issues remaining to be tackled is the heterogeneity of parenchymal cell progenitors and to what extent they can be activated in order to contribute to brain repair. One appealing hypothesis about the origin, dispersion and putative function of multipotent progenitors in the mature brain parenchyma has been proposed by Ourednick and collaborators (Ourednik et al., 2001). By grafting a clone of NSCs of human derivation into the developing brain of fetal bonnet monkeys they found that the progeny of this single traceable clone get segregated into two separate subpopulations. One migrating radially from the germinal zone to the appropriate cortical layer and differentiating into neurons, the other represented by undifferentiated cells dispersing through the SVZ and the mature striatal and cortical parenchyma. The authors suggest that this latter population may provide a local resident pool for self repair and plasticity, thus representing the stem-like cells extracted by several investigators. Such an hypotyhesis, obtained with an experimental paradigm, is reinforced by the recent finding of neuronal and glial progenitors in the marginal zone of the developing cerebral cortex (Costa et al., 2007), showing distinct properties from those of the VZ and SVZ germinal layers and appearing to be regulated by local environmental cues. The integration of new neurons in the pre-existing neuronal circuits of the murine neocortex after targeted cell death, as a result of proliferation/differentiation of local cell progenitors (Magavi et al., 2000; described above), could be linked to such type of cells “trapped” within the mature parenchyma. Interestingly, a subpopulation of cortical neural stem cells migrate ventrally during development to reach the striatal subependyma (Willaime-Morawek et al., 2006).
In disease states or after injury, also microglia become hyperplastic and hypertrophic, altering their phenotypes to an “activated” form, and performing important protective inflammatory roles such as the phagocytosis of debris and dead cells. Microglia also play a role in chronic neuroinflammation which may perturb or even initiate pathology in diseases such as Parkinson’s or Alzheimer’s (Rogers et al., 2007). On the other hand, bone marrow-derived microglia-like cells can infiltrate the CNS of Alzheimer disease trangenic animal models and help to clear the -amyloid (Malm et al., 2005), and inhibition of bone marrow-derived microglial recruitment in the CNS increases the amount of -amyloid deposits (Simard et al., 2006). Thus, the nature of the microglial response to pathological states, whether neuroprotective or neurotoxic, is still under debate (Bessis et al., 2007; Glezer et a., 2007).  

Recently, the effect of exogenously delivered stem cells, e.g. that could reach the CNS parenchyma through the blood flow, has also been taken into account. It has been discovered that NSCs intravenously transplantated in animal models of CNS inflammation can integrate into atypical ectopic (perivascular) niches, thus exerting a bystander effect of neuroprotection and trophic support (Pluchino et al., 2003,2005; Martino and Pluchino, 2006). Such atypical ectopic niches are formed around perivascular areas of the inflamed CNS and contain transplanted neural precursor cells, blood-borne (encephalitogenic) inflammatory cells as well as CNS-resident cells (such as inflammation-reactive astrocytes and microglia; reviewed in Martino and Pluchino, 2006). 
This approach could be exploited in the future for certain neurological disorders characterized by recurrent and/or chronic inflammation, which invariably leads to destruction of both CNS-resident as well as transplanted cells. Indeed, a new perspective is opening up, in which transplanted neural stem/precursor cells by exerting bystander immunomodulatory and/or neurotrophic properties may have particular therapeutic relevance (see also Calabrese et al., 2007).


A comparative vision of neurogenesis: hints for brain repair?
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^1	  Pioneering works demonstrated that neuronal cell renewal does occur in the periphery (Graziadei and Monti-Graziadei, 1979) and that proliferative activity also persists in certain brain areas (Altman and Das, 1965; Altman, 1969a; Kaplan and Hinds, 1977). Nevertheless, a substantial change in the concept of brain structural plasticity has been prompted by the discovery of massive neurogenesis and cell migration within the forebrain subventricular zone (SVZ) of newborn (Luskin, 1993) and adult rodents (Lois and Alvarez-Buylla, 1994), as well as consistent genesis of new neurons in the adult hippocampus (Cameron and McKay, 2001; Kempermann, 2002). The first isolation of adult neural stem cells from the mammalian brain (Reynolds and Weiss, 1992) provided a cell biological basis for the continuous genesis of neurons, astrocytes and oligodendrocytes within the mature brain.
^2	  Degeneration is obtained by photoactivation of retrogradely transported nanospheres carrying the chromophore chlorin e6 previously injected into the axonal field of the targeted projection neurons and retrogradely transported.
